We characterized Xenopus Zic5 which belongs to a novel class of the Zic family. Zic5 is more speci®cally expressed in the prospective neural crest than other Zic genes. Overexpression of Zic5 in embryos led to ectopic expression of the early neural crest markers, Xsna and Xslu, with the loss of epidermal marker expression. In Zic5-overexpressing animal cap explants, there was marked induction of neural crest markers, without mesodermal and anterior neural markers. This was in contrast to other Xenopus Zic genes, which induce both anterior and the neural crest markers in the same assay. Injection of a dominant-negative form of Zic5 can block neural crest formation in vivo. These results indicate that Zic5 expression converts cells from an epidermal fate to a neural crest cell fate. This is the ®rst evidence for neural crest tissue inductive activity separate from anterior neural tissue inductive activity in a Zic family gene. q
Introduction
Neural crest cells, which are unique to vertebrates, arise at the border region between the neural and non-neural ectoderm shortly after neural induction. These multipotent precursor cells ultimately undergo an epithelial to mesenchymal transition, migrate to diverse regions throughout the embryo, and give rise to a wide range of derivatives (Le Douarin and Kalcheim, 1999; Hall, 1999) . The neural crest contributes to cell types as diverse as the elements of the craniofacial skeleton, melanocytes, and the neurons and glia of the peripheral nervous system. Although the precise mechanisms underling neural crest induction have yet to be elucidated, this process is thought to be dependent upon signals emanating from the non-neural ectoderm, the nonaxial mesoderm, or both (Moury and Jacobson, 1990; Selleck and Bronner-Fraser, 1995; Mancilla and Mayor, 1996; Bonstein et al., 1998; Labonne and Bronner-Fraser, 1998; Marchant et al., 1998) .
In previous studies, we found that the Xenopus Zic family is involved in regulation of the initial phase of the neural and neural crest development (Nakata et al., 1997 (Nakata et al., , 1998 . The Zic family was originally identi®ed as a group of genes encoding zinc ®nger proteins expressed in the mouse cerebellum (Aruga et al., 1994 (Aruga et al., , 1996a . These zinc ®nger proteins share a highly conserved domain consisting of ®ve tandemly repeated C2H2-type zinc ®nger motifs. These motifs are highly conserved among their counterparts in various species including their Drosophila homologue odd-paired (opa), which plays important roles in parasegmental subdivision and visceral mesoderm development in the Drosophila embryo (Benedyk et al., 1994; Cimbora and Sakonju, 1995; Yokota et al., 1996; Gebbia et al., 1997; Brown et al., 1998; Grinblat et al., 1998; Nakata et al., 1997 Nakata et al., , 1998 . Multiple Zic genes have been identi®ed both in mouse and Xenopus, which are expressed in overlapping, but distinct patterns. They have distinct roles in vertebrate development. The disruption of mouse Zic1 gene results in dysgenesis of the cerebellum . Reduced expression of mouse Zic2 leads to holoprosencephaly and spina bi®da (Nagai et al., 2000) . Mutations in human ZIC2 are responsible for holoprosencephaly (Brown et al., 1998) while those in human ZIC3 are related to an anomaly with left to right body axis disturbance (Gebbia et al., 1997) .
In Xenopus, three Zic genes have been reported to date; Zic1 which is allelic to Zic-r1 and opl, Zic2 and Zic3 (Nakata et al., 1997 (Nakata et al., , 1998 Mizuseki et al., 1998; Kuo et al., 1998; Brewster et al., 1998) . All three genes were expressed in the prospective neural plate and the neural plate border region. Ectopic expression of these Zic genes led to neural plate and neural crest formation. In the present study, we identi®ed and characterized a novel Zic-related gene, Xenopus Zic5. Based on its structure, Zic5 is considered to belong to a novel class of Zic genes. In comparison to other Xenopus Zic genes, Zic5 appears to be speci®cally involved in the generation of neural crest cells. (Nakata et al., 1997 (Nakata et al., , 1998 , mouse Zic1 (Aruga et al., 1994) , Zic2, Zic3 (Aruga et al., 1996a) , Zic4 (Aruga et al., 1996b) , and Drosophila odd-paired (Benedyk et al., 1994) . The asterisks indicate the amino acids conserved between all nine proteins. The bold letters and asterisks indicate the cysteine and histidine residues of the C2H2 motif. (C) Structural comparison between Xenopus Zic1, Zic2, Zic3, Zic5, mouse Zic1, Zic2, Zic3, Zic4, and Drosophila odd-paired. The percentage of zinc ®nger region similarity with Xenopus Zic5 is indicated. (D) Alignments of amino acid sequences of Zic family, Xenopus Zic1, Zic2, Zic3, Zic5, mouse Zic1, Zic2, Zic3, Zic4, human ZIC1, ZIC2, ZIC3, zebra®sh opl (Zic1), and Drosophila odd-paired, were done using the CLUSTALW algorithm.
Results

Xenopus Zic5 belongs to a novel class of Zic genes
To isolate additional Zic-related genes in Xenopus, we further screened a Xenopus neurula cDNA library with the cDNA fragments generated by degenerate PCR (Nakata et al., 1997 (Nakata et al., , 1998 . We identi®ed a novel Xenopus Zic-related gene that encoded a protein of 515 amino acids (Fig. 1A) . Comparison of its predicted amino acid sequence to those of Xenopus Zic1, Zic2, Zic3, mouse Zic1, Zic2, Zic3, Zic4, and Drosophila Opa (Nakata et al., 1997 (Nakata et al., , 1998 Aruga et al., 1994 Aruga et al., , 1996a Benedyk et al., 1994) revealed that the novel gene was similar to the other Zic family and Opa in the zinc ®nger domain (Fig. 1B,C) . However, when we compared the entire amino acid sequences, it became clear that the gene was not so closely related to any other vertebrate Zic gene (Fig. 1D) . We therefore designated the gene as Xenopus Zic5. This gene represents a novel class of Zic genes and is most similar to the ®fth member of the mouse Zic family, mouse Zic5, which we identi®ed recently (T. Inoue, J.A., K.N., K.M., unpublished data).
Expression pro®les of Zic5 during Xenopus development
We ®rst compared the temporal expression patterns of Zic5 with the other known Xenopus Zic genes (Fig. 2) . Zic5 was maternally expressed in contrast to Zic1 and Zic3, which are detected from the blastula but not at earlier stages (Nakata et al., 1997 (Nakata et al., , 1998 . Zic5 expression increased from stage 11 (late gastrula) when the neural crest is induced (Mayor et al., 1995) .
To determine the spatial expression patterns of Xenopus Zic5, whole-mount in situ hybridization was performed. At the blastula and early gastrula stage (stages 9±10.25), Zic5 was expressed very weakly throughout the ectoderm (data not shown). At the late gastrula stage (stages 11.5±13), Zic5 expression was restricted to the prospective neural fold region and anterior neural plate border region (Figs. 3A±D and 4G) . Expression became enhanced in the prospective midbrain and hindbrain region at the late gastrula stage.
The expression in the neural plate border region continued in the neurula stage. However, anterior neural expression was more enhanced (Fig. 3E,F) . Zic5-speci®c staining was seen in the form of four longitudinal lines, which represent the neural plate edges and part of the neural fold, similar to the staining of Zic1, Zic2, Zic3 ( Fig. 3E ; Nakata et al., 1997 Nakata et al., , 1998 . Another study showed that the space between the two lines corresponds to a neuronal marker, N-tubulin, expressing region (Brewster et al., 1998) .
In the tailbud stages (stages 21±22, Fig The expression pattern of Xenopus Zic5 was distinct from Fig. 2 . Temporal expression pro®les of Xenopus Zic1, Zic2, Zic3, and Zic5 during Xenopus development. RNA was extracted from embryos at the indicated stage of development. Zic1, Zic2, Zic3, and Zic5 mRNA expression levels were measured by RT±PCR. The ubiquitous marker Histone H4 served as a control. Zic5 expression was observed by using primers in the Zic5 coding region. other Zic genes in four main ways. First, Zic5 was more selectively expressed in the neural plate border region than the other Zic genes (Fig. 4A ,C,E,G). Second, the enhanced expression in the midbrain and hindbrain continued throughout development. Other mouse or Xenopus Zic genes are differentially expressed along the anterior to posterior axis Nakata et al., 1997 Nakata et al., , 1998 but none are expressed in the mid-and hindbrain in a demarcated manner as well as Zic5. Third, Zic5 expression in the eye vesicles was very clear. The expression in the eye was restricted to the ciliary marginal zone of the neural retina with no expression in the lens (Fig. 3J,K) . Only Zic5 and Zic2 were expressed in Xenopus eye vesicles ( Fig. 3G±K ; Nakata et al., 1997 Nakata et al., , 1998 . Fourth, Zic5 was not expressed in non-neural tissue such as somites, in contrast to Zic1 and Zic2.
Zic5 overexpression induces neural crest tissues
We examined the effects of the Zic5 overexpression in embryos. First, we injected MT-Zic5 (Zic5 tagged with myc epitopes) mRNA into a blastomere of two-cell stage embryos (Fig. 5A±C) . Ectopic pigment cells appeared in these embryos (48/48 of MT-Zic5 (250 pg)-injected embryos) (Fig. 5A,B) . The appearance of ectopic pigment cells was also found in embryos injected with Zic1, Zic2, Zic3, and opl mRNA (Nakata et al., 1997 (Nakata et al., , 1998 Kuo et al., 1998) . To examine whether Zic5 overexpression can affect cell fate, we examined the expression of neural crest markers, Xslu (Mayor et al., 1995) , Xsna (Essex et al., 1993) , and an epidermal marker, XK81 (Jonas et al., 1985) at the neurula stage. (Fig. 6 ). Xslu and Xsna were ectopically expressed in the Zic5 mRNA-injected side (Xslu 25/29, Xsna 26/27 of MT-Zic5 (250 pg)-injected embryos) (Fig. 6A±F) . In contrast, the expression of XK81 was signi®cantly reduced on the Zic5 mRNA-injected side (34/34 of MT-Zic5 (250 pg)-injected embryos) (Fig. 6G±I ). These observations suggest that misexpression of Zic5 altered the fate of cells from epidermal to neural crest.
The ability of Zic5 to induce Neural and neural crest cells was then compared to Xenopus Zic3, Zic1, and Zic2 by examining induction of the molecular markers in animal cap explants (Fig. 7) . Zic5 overexpression strongly induced the neural crest markers Xslu, Xsna, and Xtwi (Hopwood et al., 1989 ), but did not induce anterior neural or cement gland markers (otx2, forebrain marker (Pannese et al., 1995) ; XAG-1 and XCG, cement gland markers (Gammill and Sive, 1997) ). This was in contrast to the Zic3, Zic1, and Zic2-overexpressing animal cap explants, in which both the neural crest and anterior neural markers were induced. In addition, Zic5 induced mid±hindbrain junction marker En2 (Hemmati-Brivanlou et al., 1991) the same as Zic1, Zic2, and Zic3. Neither Zic3, Zic1, Zic2 nor Zic5 induced muscle actin, indicating these changes were not caused by the dorsal mesoderm.
We next examined whether Zic5 induced other Zic family genes in animal cap explants (Fig. 7) . Zic5 induced Zic1 Zic2, and Zic5 itself, but not Zic3, whereas Zic3, Zic1, and Zic2 induced all of the Zic genes, including themselves. These ®ndings suggest that Zic5 is located downstream of Zic3.
Zic5 is required for neural crest formation
To further understand the role of Zic5 in neural crest formation, we performed loss-of-function studies. We generated a dominant-negative mutant Zic5 construct, Zic5-ZFC, in which the N-terminal domain upstream from the zinc ®nger domain was deleted (see Section 4). When Zic5-ZFC was injected into a blastomere of two-cell stage embryos, Xslu expression was signi®cantly suppressed on the injected side (31/31 of Zic5-ZFC (500 pg)-injected embryos) (Fig. 8A) . The Xslu expression was restored by the wild-type Zic5 (complete rescue, 11/35; partial rescue, 24/35 of Zic5-ZFC (500 pg) and MT-Zic5 (250 pg)-coinjected embryos) (Fig. 8B) , and the suppression was also rescued by wild-type Zic3 (complete rescue, 9/31; partial rescue 22/31 of Zic5-ZFC (500 pg) and MT-Zic3 (100 pg)-co-injected embryos), wild-type Zic1 (complete rescue, 7/27; partial rescue 20/27 of Zic5-ZFC (500 pg) and MTZic1 (250 pg)-co-injected embryos), and wild-type Zic2 (complete rescue, 14/34; partial rescue 20/34 of Zic5-ZFC (500 pg) and MT-Zic2 (125 pg)-co-injected embryos) (Fig.   8C, data not shown) . These results suggest that Zic5 is essential for neural crest development.
Discussion
Zic5 is speci®cally involved in neural crest development
Zic5, which belongs to a novel class of Zic genes, had clearly different patterns of expression and functions to Xenopus Zic1, Zic2, and Zic3. Zic5 expression was limited to the neural plate border region throughout all developmental stages (Figs. 3 and 4) . Zic1, Zic2, and Zic3 are initially expressed in the entire neural plate region and then converge into the neural plate border region at later stages (Fig. 4) . The temporal expression pro®le of Zic5 was also distinct from other Zic genes in that enhancement of expression Fig. 7 . Zic5 induces neural crest marker genes in animal cap explants but not anterior marker genes. Embryos were injected with MT-Zic3, MT-Zic5, MT-Zic1, or MT-Zic2 mRNA at the two-cell stage. Animal caps were explanted at stage 9 and cultured. When sibling embryos reached stage 25, some marker genes were examined by RT±PCR. Although uninjected (Uninj.) caps expressed none of these markers, animal caps injected with Zic5, Zic1, Zic2, or Zic3 mRNA expressed the neural crest marker (Xslu, Xsna, and Xtwi). However, in contrast to Zic1, Zic2, and Zic3, Zic5 did not induce the cement gland markers XAG-1 and XCG, or the forebrain marker otx2. In each experiment, sibling control embryos served as a positive control (Embryo), and PCR without reverse transcription was performed on the same RNA to verify the absence of genomic DNA (RT2). Zic family expression was certi®ed by using PCR primers in a non-coding region. occurred later than the other Zic genes, when neural crest tissue ®rst begins to appear (Fig. 2) .
Zic5 overexpression induced expression of neural crest markers, but not anterior neural markers, in animal cap explants, different from Zic3, Zic1, and Zic2. (Fig. 7 ; Nakata et al., 1997 Nakata et al., , 1998 . These results indicate that Zic5 is functionally distinct from Zic1, Zic2, and Zic3. Based on its unique pattern of expression and function, Zic5 may have a specialized role in neural crest development in comparison to other Zic family genes.
Although the overall structure of the Zic5 gene is similar to other Zic family genes (Fig. 1C) , functional differences may be derived from local amino acid sequence variation. Differences in the zinc ®nger domains may alter DNA binding af®nities for example. We previously showed that the mouse Zic1 zinc ®nger domain binds to the Gli binding sequence (Aruga et al., 1994) . The zinc ®nger domains in Gli and Zic are closely conserved. Another group showed that Xenopus opl (Zic1) could transcriptionally activate a reporter vector which contained the Gli binding sequence in the promoter region (Kuo et al., 1998) . Therefore, the zinc ®nger domain of Zic5 and other Zic family genes could differentially bind DNA sequences. Alternatively, cofactors that bind to Zic5 or other Zic family genes may modulate their functions to generate functional diversity. It is possible that the N-and C-terminal domains are involved in such interactions because these domains are rather diverse between Zic5 and other Zic proteins.
Mechanism of regulation of neural crest formation by Zic5 and other Zic family members
A number of reports have suggested a requirement for signals from neural and non-neural tissue in development of the neural plate border region (Moury and Jacobson, 1990; Dickinson et al., 1995; Selleck and Bronner-Fraser, 1995; Liem et al., 1997; Mancilla and Mayor, 1996) . This is based on the observation that transplantation of neural plate tissue into ventral ectoderm results in the formation of neural crest (i.e. slug expression) at the junction of these two tissues.
These results have raised the possibility that the neural crest inductive activity of the Zic family merely re¯ects their neural tissue inductive activity because both activities have not been separated in Zic1, Zic2, and Zic3. However, the fact that Zic5 generates neural crest without anterior neural induction, suggests that the neural crest inductive ability of Zic family genes is distinct, at least in part from the anterior neural inductive ability.
As to the signals involved in neural crest induction, current data suggest the importance of the TGFb factors and Wnt factors. TGFb family members, such as Dorsalin-1, BMP-4 and BMP-7 are suf®cient to substitute for the non-neural ectoderm in vitro to generate neural crest cells. (Basler et al., 1993; Liem et al., 1997) . Zic5 expression is seen in the lateral and anterior neural fold region at late gastrula stage. It is possible that BMP signaling is involved in the neural plate border-enhanced expression of Zic5 at late gastrula or that the signal acts cooperatively with Zic5 protein to induce neural crest tissue.
The dorsally expressed Wnt molecules (Xwnt-3a, Wnt-1 and Xwnt7B) induce neural crest markers in neuralized animal cap explants and whole embryos (Saint-Jennet et al., 1997; Chang and Hemmati-Brivanlou, 1998) . Xwnt-3a can weakly induce neural crest markers in animal cap explants, without initial neuralization of the tissue (SaintJennet et al., 1997) . In mice, Wnt-1/Wnt-3a double mutant mice show defects in major neural crest derivatives (Ikeya et al., 1997) . In a Zic2 mutant mouse, the development of a neural crest derivative, dorsal root ganglia, was partially impaired concomitant with the delay in Wnt3a expression (Nagai et al., 2000) . Further clari®cation of the relationship between Zic family genes and the signals controlling neural crest formation would be bene®cial for understanding the molecular mechanism of neural crest generation.
Possible role of Zic5 other than in neural crest development in Xenopus embryos
Although this study showed that Zic5 functions in neural crest development, it may have additional roles in neural development based on its expression. In particular, the enhanced expression in the midbrain and hindbrain region and developing eye suggest that Zic5 is involved in the development of these regions. A dominant-negative Zic5 (Zic5-ZFC) was injected into one blastomere of two-cell stage embryos, and whole-mount in situ hybridization was performed with a neural crest marker, Xslu. The embryos were injected with (A) Zic5-ZFC mRNA (500 pg), (B) Zic5-ZFC (500 pg) and MT-Zic5 (250 pg), (C) Zic5-ZFC (500 pg) and MT-Zic3 (100 pg), (D) MT-Zic5 (250 pg), and (E) MT-Zic3 (100 pg). Blue staining showed the lacZ expression domain and purple staining showed neural crest marker Xslu expression.
In regard to midbrain±hindbrain development, Zic5 was capable of inducing mid±hindbrain marker En2 in animal cap explants (Fig. 7) , and strong induction of En2 by a Zic family member has been noted by Kuo et al. (1998) . The results of this study suggest that engrailed-inducing ability is a general feature of the Zic family. It is intriguing that Drosophila opa is also involved in the temporal induction of engrailed (Benedyk et al., 1994) .
Zic5 is expressed in the ciliary marginal zone, a region at the peripheral edge of retina in the developing eye during tailbud stage (Fig. 3I±K) . The ciliary marginal zone is a perpetually self-renewing proliferative neuroepithelium in amphibians and ®sh, and the many proneural genes and Zic2 are expressed in the ciliary marginal zone (Perron et al., 1998; Nakata et al., 1998) . Zic5 may participate in the control of retinal neural differentiation in cooperation with Zic2 by regulating proneural genes.
Experimental procedures
Isolation of Xenopus Zic5 cDNA clones
Xenopus neurula (St. 17) cDNA was subjected to 30 cycles of the polymerase chain reaction (PCR) (at 948C; 558C; 748C per minute, respectively) (Nakata et al., 1997 H RACE (rapid ampli®cation of cDNA ends). The full length of Xenopus Zic5 was 2.2 kb (accession no. AB034983).
Sequence comparison and alignments
Alignments of amino acid sequences were done using the CLUSTALW algorithm (http://crick.genes.nig.ac.jp/ homology/welcome-e.shtml). The accession numbers of the aligned genes are Drosophila odd-paired S78339, mouse Zic1 D32167, mouse Zic2 D70848, mouse Zic3 D70849, mouse Zic4 D78174, Xenopus Zic1 AB009564, Xenopus Zic2 AB009565, Xenopus Zic3 AB005292, human ZIC1 NM_003412, human ZIC2 NM_007129, human ZIC3 NM_003413, zebra®sh opl (Zic1) AF052435.
Plasmid construction
The full-length coding region of the Zic5 gene was cloned in-frame into the EcoRI±XbaI site of the pCS21MT (myctag) vector (Turner and Weintraub, 1994) by PCR ampli®-cation from the original cDNA phagemid (pCS21MT-Zic5). The myc-epitope tag was used to check the construction by immunoblotting. Both wild-type and myc-tagged expression constructs yielded the same result (data not shown). For dominant-negative studies, the Zic5 coding sequence encoding amino acid residues 259±515 (lacking most of the N-terminal domain upstream of the zinc ®nger domain) was ampli®ed with PCR and subcloned into the BamHI±XhoI site of pCS21 vector (pCS2 1 Zic5-ZFC).
Embryo manipulations
Xenopus laevis were purchased from Hamamatsu Seibutsu Kyozai (Shizuoka, Japan). Embryos were obtained by arti®cial fertilization (Newport and Kirschner, 1982) . The jelly coats were removed by immersing the embryos in 2% cysteine±HCl, pH 7.8. Embryos were cultured in 0.1£ Steinberg's solution and staged according to Nieuwkoop and Faber (1967) .
Microinjection was carried out as previously described (Moon and Christian, 1989) . mRNA for injection was synthesized by in vitro transcription. Xenopus Zic5, Zic1, Zic2,or Zic3 mRNA was injected with or without nls-lacZ mRNA into one or two blastomeres of two-cell stage embryos. For animal cap assay, mRNA was injected into the animal side of two blastomeres of two-cell stage embryos. Injected embryos were cultured in 5% Ficoll in 1£ Steinberg's solution. The embryos were replaced in 0.1£ Steinberg's solution at midblastula stage and were subjected to animal cap assay at stage 9 or whole-mount in situ hybridization at various stages.
For preparation of animal cap explants, six animal caps were dissected from Xenopus Zic5, Zic1, Zic2, or Zic3 mRNA-injected or uninjected embryos in 1£ MMR at stage 9 and cultured in 0.5£ MMR.
Overexpression and animal cap assay were performed at least three times and consistent data was obtained. The data presented in this paper show the results of a single representative experiment.
RNA isolation and reverse transcriptase (RT)±PCR assay
Preparation of total RNA and RT±PCR assay were carried out as previously described (Nakata et al., 1997 (Nakata et al., , 1998 Histone H4 or EF-1a was used to monitor RNA recovery. Sibling control embryos served as positive controls. PCR was performed with RNA that had not been reverse-transcribed to check for DNA contamination. Xtwi, NCAM, otx2, HoxB9 (Xlhbox-6), muscle actin, Zic3, and EF-1a primer sequences were obtained from The Xenopus Molecular Marker Resource on the internet (http://vize222.zo.utexas.edu/). Xenopus Zic1 and Zic2 primer sequences were described in Nakata et al. (1998) . The Xslu primer sequence was described in Mizuseki et al. (1998) . XAG-1 and XCG primer sequences were described in Gammill and Sive (1997) .
In addition, we designed the following original primers
